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A number of spectroscopic techniques were used to obtain further information about the 
scheelite structure of compounds found in the ternary oxide system of bismuth, molybde- 
num, and iron. Infrared data indicated the presence of discrete tetrahedral and corner 
sharing octahedral molybdenum. Ultraviolet-visible spectroscopy provided evidence for the 
presence of an additional electronic level in the lattice, resulting in a shift of the charge 
transfer energy to longer wavelengths. The combination of ir and uv-visible spectroscopy 
indicated that at high temperatures distortion of the metal-oxygen bonds occurs. Iron was 
found to be present as Fe3+ and in two nonequivalent environments by Mossbauer spectros- 
copy. ESCA revealed that the surface layers contained bismuth, iron, molybdenum, and ox- 
ygen. ESCA measurements also revealed that Bi, MO, and Fe were present in the surface 
layers as Bi:“, MO”+, and Fe”+, respectively 

INTRODUCTION 

A number of investigations (I-4) have 
been concerned with the physicochemical 
and structural properties of the bismuth 
molybdate system which exhibits high 
activity and selectivity for the partial ox- 
idation of olefins. Only a few such inves- 
tigations of catalysts containing bismuth, 
iron, and molybdenum have appeared in 
the literature despite their high activity as 
described in several patients (5-7). 

Daniel and Keulks (8) reported that the 
bismuth, iron, molybdenum system exhib- 
ited activity and selectivity comparable to 
bismuth molybdate and suggested the for- 
mation of a ternary compound which pos- 
sibly was responsible for the catalytic 
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activity and selectivity. The addition of 
iron to bismuth molybdate, investigated by 
Annenkova and co-workers (9), was found 
to increase the electrical conductivity and 
the activity for the oxidation of I-butene. 
Batist and co-workers (I 0) investigated 
this system in the compositional range 
between a-bismuth molybdate and 
Fe,(MoO& and reported the existence of 
a new compound. Although this new com- 
pound was present in their catalysts along 
with considerable concentrations of bis- 
muth molybdate and iron molybdate, they 
were able to conclude that this compound 
exceeded the a-phase of bismuth molyb- 
date in activity to a considerable degree 
and maintained high selectivity. They 
suggested that this compound was respon- 
sible for the increased tendency of these 
catalysts to dissociate 0, and possibly for 
the increased number of active sites. 
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Recently, an X-ray investigation by Lo 
Jacono and co-workers (II) revealed the 
presence of two ternary compounds in the 
bismuth iron molybdate system, with 
atomic ratio Bi/Fe/Mo = 1 : I : 1. The crys- 
tallographic structure of the first com- 
pound, which formed after calcination 
at 45O”C, is tetragonal [space group 
c4,l”-~4,,.1 (SS)] with parameters (I = 5.26 
A and c = 11.70 A. The second com- 
pound, which formed after calcination 
above 550°C is monoclinic [space group 
I.,,.., (15)J with parameters u = 5.40 A, 
h = 11.70 A, (’ = 5.24 A. and /3 = 91”. An- 
other ternary compound within this system 
was observed with atomic ratio Bi/Fe/Mo 
= 3: 1 : 2. The X-ray study of this system 
indicated that it exhibited the same crys- 
tallographic structure as that of the system 
Bi/Fe/Mo, 1 : 1 : I. 

Because certain conclusions were made 
about the structures of the bismuth iron 
molybdate system in the previous work 
(I I) and because there is considerable 
interest in this system, we decided to study 
further the structure, valence states, and 
coordination of the various ions in this 
system by means of spectroscopic 
methods (ir, uv-VIS, ESCA, and Moss- 
bauer). 

EXPERIMENTAL METHODS 

The surface area of the catalysts was 
measured by the chromatographic ther- 
modesorption of argon (see Table 1). 

The infrared spectra were obtained by 

TABLE I 
COMPOSITION AND S~~RF.KE ARM or IHL 

Bi-Fe-MO SYSTEM 

Atomic ratio Calcination Specific Index 01 
BiiFelMo temp PC) area (m”!g) %imple\ 

I:I:l 450 5.2 I la 
600 3.5 I?b 

3: I :2 450 I.5 l&t 
600 I .o 14b 

the KBr disk method with a Carl-Zeiss 
spectrometer UR-20 (DDR) in the range 
400 cm-’ to 20,000 cm-‘, using a concen- 
tration of 2 mg/cm’. The spectra are pre- 
sented in Fig. 1, where transmittance has 
been plotted versus the wavenumber. The 
spectra of well-characterized LY- and 
y-bismuth molybdates, presented for com- 
parison, are in agreement with those pre- 
viously published (12). The a-bismuth mo- 
lybdate shows the characteristic bands at 
955, 940, 9 10, 870, 850, and 840 cm-’ 
which are associated with the v, and v:{ 
group vibrations of the edge sharing dis- 
torted MogOx’- tetrahedra groups present 
in this phase. The y-bismuth molybdate 
shows the characteristic bands at 850, 805, 
750, and 560 cm-’ associated with the 
group vibrations of corner sharing MOO,, 
octahedra. The spectrum of sample 12a 
shows bands at 930, 845, 8 10, 740, and a 
broad band at 550 cm I. In contrast to 
sample 12a, the spectrum of sample 12b 
shows a well-stabilized structure with 
characteristic bands at 965, 880, 84.5, 81.5, 
7S0, 575, and 540 cm-‘. The spectrum of 
sample 14a, in the system Bi/Fe/Mo = 
3: 1 : 2. shows broad bands at 880, 810 
750, and 545 cm~ I, while sample 14b 
shows more sharp bands at 880, 84.5, 8 15, 
745, 575 (shoulder), and 545 cm-‘. 

The uv-VIS spectra were obtained with 
a Specord uv-VIS (DDR) and are pre- 
sented in Fig. 2. The spectra show the 
start of intensive absorption from 16,000 
to 20,000 cm’. The spectrum of cu-bis- 
muth molybdate with tetrahedral molybde- 
num agrees with that previously published 
(10) and shows the start of charge transfer 
at 23,400 cm-‘. The y-bismuth molybdate 
with octahedral molybdenum shows the 
start of charge transfer at 2 1,000 cm-‘. 
Catalysts 12a and 12b show that the 
charge transfer (I 6,670 and 16,400 cm-‘, 
respectively) is shifted considerably to the 
long wavelength side of the spectrum. In 
the case of catalysts 14a and 14b, it is pos- 
sible to see charge transfer at 18.1 SO and 
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FIG. I. Infrared spectra. 
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19,700 cm-‘, respectively. Broad d-d tran- 
sition bands with low intensity were also 
observed at 15,000 cm-’ (for samples 12b 
and 14b) and at 19,000 cm-’ (for sample 
14b). The d-d transition at 15,000 cm-’ 
has been connected with MO(V) (13) while 
the d-d transition at 19,000 cm-’ is pos- 
sibly connected with Fe(III) because 
bands in this region have previously been 
associated with iron (14). 

ESCA measurements were made with 
an AEI, Model ES- 100, spectrometer on 
catalysts 12b and 14b at room tempera- 
ture. The Al K, line (1487 eV) was used 
for excitation, and the peaks were ref- 
erenced to the C-Is peak resulting from 
oil contamination in the vacuum system. 
The X-ray generator was operated at 

1.5 kV and 15 mA. The samples were 
mounted on fine brass-wire grids to mini- 
mize sample reduction. The spectra for 
catalysts 12b and 14b are presented in 
Fig. 3. 

The Mossbauer spectra of samples 12b 
and 14b were obtained at 80 and 300°K 
with an electrical dynamic type apparatus 
equipped with a “‘Co in Cr source. The 
isomer shifts were measured from the 
center of the hyperfine structure of a-Fe. 
The spectrum of sample 12B at 80”K, Fig. 
4a, showed the superposition of two non- 
equivalent spectra. The sextet, having the 
hyperfine structure with effective magnetic 
field Heff = 540 1 5 kOe results from Fe:‘+ 
with magnetic ordering in certain regions 
of the crystal. The Heff has parameters 
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FIG. 2. Ultraviolet-visible spectra. 

similar to those of antiferromagnetic 
a-Fe,O:,, however, cr-Fe,O,, was not ob- 
served in the X-ray pattern or in the infra- 
red spectra. In addition to the sextet, an 
asymmetric doublet with isomer shift (6 
E, = 0.35 -+ 0.07 mmlsec) and quadrupole 
splitting (A E, = 1.00 2 0.07 mmlsec) was 
,located in the center of the spectrum and 
results from paramagnetic iron Fe:<+ in a 
crystalline field of axial symmetry. The 
amount of paramagnetic iron relative to 
the amount of magnetically ordered iron is 
3/l, assuming equal va!ues off’. 

A change in the magnetic ordering was 
observed for this sample at 300°K (Fig. 
4b). The lines of the hyperfine structure 
have broadened, probably a splitting 
occurs, and indicate two systems of iron 
with magnetic ordering, each having a 
characteristic hyperfine structure. These 
two systems may result from the interac- 
tion of iron in two nonequivalent positions 
in the lattice. Since the value of A E, for the 
doublet remains nearly constant, the most 

important factor on the quadrupole in- 
teractions is the influence of the crystalline 
field. 

A doublet which indicates Fe:‘+ in a very 
distorted crystal field is observed in the 
spectrum of sample 14b at 80°K (Fig. 3~). 
The parameters of this doublet are approx- 
imately the same as the parameters of the 
doublet of sample 13b. The asymmetry is 
apparently caused by the Goldansky- 
Koryagin effect (I 7) for polycrystalline 
samples. The spectrum of sample 14b at 
300 “K was nearly the same as the spec- 
trum at 80°K and is, therefore, not pre- 
sented. 

These spectra indicate that the iron 
present in both catalysts I2b and 14b is 
Fe:‘+. The iron in sample 14b has an 
extremely distorted environment. In con- 
trast to sample 14b, in sample I2b approx- 
imately one-half of the iron ions participate 
in antiferromagnetic exchange interaction 
which occurs by Fe-O-Fe interactions in 
the lattice. The comparison of spectra for 
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FIG. 3. ESCA Spectra for samples 12b and 14b. 

sample 12b at 80 and 300°K revealed that 
for both magnetic sublattices different 
magnetic stability exists in contrast to 
a-Fe20zlr resulting from the different quan- 
tity of magnetic and nonmagnetic ions 
present in these magnetic sublattices. 
These results show that in the crystal 
some regions exist with increased local 
concentration of iron (magnetic clusters). 
Iron, which is surrounded by nonmagnetic 
molybdenum as its nearest neighbors, re- 
sults in the doublet of paramagnetic iron. 

Differential thermal and thermogravimet- 
ric analysis of the samples 12 and 14 were 
carried out with a Paulic Paulic pyrometer 
equipped with a programming device to 
provide a uniform rise in temperature at a 
predetermined rate. The samples were 
placed in platinum crucibles, and the tem- 
perature was measured with platinum- 
platinum rhodium thermocouples with a 
simultaneous measure of the weight of the 
sampie. 

Samples 12 and 14 showed an ex- 

othermic peak at 300 and 250°C respec- 
tively, corresponding to the formation of 
compounds 12a and 14a. Compound 12a is 
well-formed at 380°C and is stable until 
540°C at which temperature an en- 
dothermic peak appears together with an 
increase in weight of the sample. This in- 
dicates that compound 12b is formed at 
540°C and its formation is probably ac- 
companied by the absorption of oxygen. 
The compound 12b is stable until its 
melting point at 912°C. The data indicate 
that compound 14a is well-formed at 
350°C and is stable until 480°C at which 
temperature there is an endothermic peak 
and an increase in weight corresponding to 
the formation of 14b. Compound 14b is 
stable until its melting point at 908°C. The 
presence of additional oxides or binary 
compounds was not observed in the analy- 
sis of these two ternary compounds. The 
close relationship of catalysts 12 and 14 is 
reflected in the similar thermal and gravi- 
metric behavior in the formation of these 
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FIG. 4. M&sbauer spectra. (a) Spectrum of sample 12b at 80°K: (b) spectrum of sample 12b at 300°K; 
(c) spectrum of sample 14b at 80°K. 

compounds as well as the close melting 
points. 

DISCUSSION 

On the basis of an X-ray investigation, 
the authors (I I) explained the composition 
and close structural relationship of the bis- 
muth iron molybdate compounds with the 
scheelite related Bi,(MoOA structure 
(with ordered vacancies) by proposing in 
the case of Bi/Fe/Mo = 1: 1: 1 that one 

MO”+ ion is replaced by two Fe”+ ions; one 
Fe”+ ion (ionic radius 0.64 A) replaces 
MO”+ (ionic radius = 0.62 A); the other 
Fe:‘+ ion occupies one of the vacancies. In 
the compound Bi/Fe/Mo = 3 : I : 2, the 
Fe”+ ion replaces one MO”+ ion while the 
additional BP+ ion occupies one of the 
vacancies. This type of substitution would 
account for the stabilization of the schee- 
lite structure. 

In this study, infrared spectroscopy was 
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used to investigate the detailed structure of 
these catalysts. The spectrum of sample 
12a has absorption bands at 845 and 740 
cm-’ which are characteristic of the group 
vibrations of corner sharing MoOG 
octahedra (15). The spectrum of catalyst 
12b indicates a change in coordination has 
occurred at the higher calcination tempera- 
ture. The sharp absorption band at 8 15 
cm-’ is associated with the vg group vibra- 
tions of discrete tetrahedra in this com- 
pound (16). In addition to the tetrahedra, 
the group vibrations of corner sharing 
MoOe octahedra are also present although 
the appearance of the bands at 880 and 
970 cm-’ indicate a distortion of the octa- 
hedra possibly caused by bridging. The 
slight shoulder at 800 cm-’ probably in- 
dicates the presence of traces of iron mo- 
lybdate as detected by XRD (II). 

Unlike catalyst 1 Za, the group vibrations 
of the discrete tetrahedra are present in the 
catalyst 14a together with the group vibra- 
tions of corner sharing octahedral MOO,. 
The spectrum of catalyst 14b is similar to 
the spectrum of 14a except for an increase 
in sharpness of the bands, and the octahe- 
dral molybdenum are again seen to be- 
come distorted due to bridging at the 
higher temperature. 

A comparison of the ir spectra of the 
ternary compounds with the spectra of 
oxides and binary compounds of bismuth, 
iron, and molybdenum (9) revealed the ab- 
sence of oxides and binary compounds 
with the exception of traces of iron molyb- 
date present in 12b. The spectra of 12b 
and 14b calcined at 750°C for 20 hr re- 
vealed the stability of these ternary com- 
pounds at high temperatures. 

Analysis of the spectra of the bismuth 
iron molybdate system shows that the ir 
spectra of the catalysts differ from the 
spectra of CZ- and y-bismuth molybdate. 
This indicates that the effect of iron addi- 
tion to the bismuth molybdate system 
causes a change in coordination. Noticing 
the close structural relationship of these 

catalysts with the a-bismuth molybdate, 
the same effect which accounted for the 
stabilization of the scheelite structure can 
also account for the change in coordina- 
tion, i.e., the proposed presence of Fe3+ in 
the Mo6+ position accounted for the stabi- 
lization of the scheelite structure and the 
presence of Fe”+ in a MO”+ position also 
accounts for the discrete tetrahedra. The 
presence of iron in the molybdenum posi- 
tion would result in the distortion of the 
tetrahedra groups and a shift in the absorp- 
tion band from that characteristic of tetra- 
hedral groups to a band at lower energies 
characteristic of discrete tetrahedra. 

The spectra also show corner sharing 
octahedral molybdenum. Their formation 
can possibly be associated with oxygen 
bond rearrangements brought about by Fe 
occupying the vacancy position, i.e., 
Mo,O, edge sharing tetrahedral group-+ 
Mo20, corner sharing octahdral group. 

The presence of two nonequivalent mag- 
netic states of Fe”+, indicated by Moss- 
bauer measurements for catalyst 12b, can 
be explained by iron occupying two dif- 
ferent positions in the structure, i.e., iron 
occupying the ordered vacancies and the 
paramagnetic iron occupying one of the 
MO positions in the a-bismuth molybdate 
structure. This explanation is further sup- 
ported by the presence of only one type of 
iron in sample 14b where, in order to ac- 
count for the crystallographic structure, 
the Fe ion was proposed to occupy a MO 
position. 

The analysis of the uv-VIS spectra 
shows the charge transfer energy is shifted 
to the long wavelength side of the spec- 
trum. The addition of iron to the bismuth 
molybdate system results in the formation 
of an additional electronic level and a con- 
sequent shift to the long wavelength side 
of the spectrum. This shift is seen to be 
pronounced in catalysts I2a and 12b 
where the concentration of iron is greater 
than in catalysts 14a and 14b. An addi- 
tional effect observed is the increase in 
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charge transfer energy with greater distor- 
tion. The compounds formed at higher cal- 
cination temperature 12b and I4b are seen 
to have the charge transfer energy shifted 
to the short wavelength side compared to 
catalysts I2a and 14a, respectively. The 
increased distortion at higher temperatures 
was seen by ir. 

The ESCA results indicate that all three 
elements, Bi, MO, and Fe, are present in 
the surface layers. From a comparison of 
published values for binding energies 
(I 8,19) we conclude that Bi is present as 
BP, MO as MO”+, and Fe as Fe”+. This 
observation is in contrast to Wolfs (/9), 
who detected only Bi and MO in the sur- 
face layers of multicomponent catalysts 
containing Bi, MO, and Fe, but is consis- 
tent with our contention that catalysts 12b 
and 14b are indeed ternary compounds. 

In summary, the results obtained in this 
investigation are consistent with and sup- 
port the previous proposal of the formation 
of ternary compounds when iron is in- 
troduced into the bismuth molybdate 
system. These structures exhibit distorted 
coordination, i.e., bond energy and bond 
lengths of the metal-oxygen bonds are 
changed. The coordination of molybde- 
num, charge transfer energy, and addi- 
tional presence of iron in scheelite-type 
structures of these compounds present an 
interesting comparison with the various 
bismuth molybdate phases. 
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